The neurotrophin receptor p75NTR is the coreceptor for Nogo receptor, mediating growth cone collapse in vitro by MAG, myelin oligodendrocyte glycoprotein (Omgp), and Nogo. Whether p75NTR plays any role in the failure of nerve regeneration in vivo is not known. Immunohistochemical data showed that p75NTR was expressed in only a very small subset of ascending sensory axons but not in any corticospinal axons in the dorsal column of either normal or injured spinal cord. Using p75NTR-deficient mice, we showed that the depletion of the functional p75NTR did not promote the regeneration of the descending corticospinal tract and ascending sensory neurons in the spinal cord 2 weeks after spinal cord injury. Local administration of p75NTR-Fc fusion molecule, the dominant-negative receptor to block the function of neurite outgrowth inhibitors, did not improve regeneration of ascending sensory neurons in the injured spinal cord. Our results suggest that p75NTR may not be a critical molecule mediating the function of myelin-associated inhibitory factors in vivo.
Introduction
Axons of peripheral nerves can regenerate spontaneously, but axons in the brain and spinal cord fail to regenerate in adult mammals after injury. Myelin-associated inhibitors are believed to play an important role in the failure of axonal regeneration in the CNS (Spencer et al., 2003; Zheng et al., 2003) . Regeneration can be achieved in the mouse after spinal cord injury by injection of vaccine made from CNS myelin (Huang et al., 1999) and by inhibitor neutralizing antibodies (Caroni and Schwab, 1988) . Three myelin-associated growth inhibitory proteins [MAG, myelin oligodendrocyte glycoprotein (Omgp) , and Nogo] can bind to Nogo receptors (NgR). The existence of a coreceptor was predicted because NgR lacks transmembrane and intracellular domains (Woolf and Bloechlinger, 2002) . The neurotrophin receptor p75NTR was shown to be the coreceptor of NgR, and the NgR-p75 NTR complex mediates growth cone collapse by all three myelin inhibitory factors in vitro (Wang et al., 2002) . Biochemical evidence indicates that p75NTR interacts directly with GDP dissociation inhibitor, releasing activated RhoA, the critical signal for growth cone collapse (Yamashita and Tohyama, 2003) . Thus, p75NTR seems to act as the convergent point for inhibitory factors to suppress the growth of regenerating axons. In addition, the regeneration of motor neurons was enhanced in p75NTR Ϫ/Ϫ mice after peripheral nerve injury (Boyd and Gordon, 2001 ). However, the functional role of p75NTR in regeneration of the CNS in vivo has not been established. This is a very important issue requiring additional investigation because p75NTR has multiple functions (for review, see Dechant and Barde, 2002) . In the present study, we hypothesized that the depletion of p75NTR may eliminate the inhibitory impact from myelin-associated inhibitory proteins and enhance the regeneration of the mammalian CNS after injury. We tested this hypothesis in p75NTR knock-out mice, and, surprisingly, the deletion of the p75NTR gene did not enhance neuroregeneration after spinal cord injury. Our results suggest that p75NTR may not be the sole molecule mediating the function of myelin-associated inhibitory factors in vivo.
Materials and Methods
Spinal cord injury. Animal experiments were performed under the guidelines of the National Health and Medical Research Council of Australia and approved by the Animal Welfare Committee of Flinders University. p75NTR knock-out mice (n ϭ 24), 8 -10 weeks old, and age-matched wild-type BALB/c and 129sv mice (n ϭ 24) were anesthetized with a mixture of 2% halothane in O 2 . To reduce surgical trauma and mortality, spinal cord injury in some animals was performed without laminectomy. To achieve this, soft tissue between the spine process of T8 and T9 was carefully removed with a pair of fine scissors. After removal of the periosteum and dura mater, the distance between the two vertebrae was ϳ1 mm. Dorsal spinal cord injury was produced by either a crush with fine forceps, as described by Bradbury et al. (1999) , or by transection of the dorsal column with a pair of fine iris scissors as described (Huang et al., 1999) . The depth of the lesion, which was ϳ1 mm, was estimated by a mark placed on the tip of the iris scissors. Both methods generated a reproducible dorsal column lesion in mice as confirmed by anterograde tracing dyes. This improvement of the surgery significantly improved the general condition and increased the survival rate of animals.
Expression of p75NTR in normal and injured spinal cord.
To examine the expression of p75NTR in the spinal cord after injury, mice (BALB/c, n ϭ 3) were subject to spinal cord injury as described above, and two mice were used as uninjured control. Three days after spinal cord injury, sagittal and cross sections (40 m) were stained for p75NTR with a rabbit polyclonal antibody to recombinant mouse p75NTR (a gift from Prof. Moses Chao, New York University, New York, NY), as described previously (Zhou et al., 1996) .
Assessment of axonal regeneration. For labeling corticospinal tract (CST) in p75NTR knock-out mice (n ϭ 8) and wild-type mice (BALB/c, n ϭ 4; 129sv, n ϭ 4), biotin-conjugated dextran amine (BDA) [molecular weight (MW), 10,000; Molecular Probes, Eugene, OR] solution (0.2 l, 10%) was injected bilaterally into six points of the sensorimotor cortex at the depth of 0.5 mm from the brain surface using a micropipette. Two weeks after operation, animals were perfused intracardially with 4% paraformaldehyde, and spinal cords were postfixed in the same solution for 2 hr at room temperature and then cryoprotected in 30% sucrose overnight at 4°C. Transverse sections of the spinal cords were cut at 50 m thick on a cryostat 5 mm rostral and caudal to the lesion site. Consecutive sections were collected on slides directly. Several transverse sections at the T1 level were collected as well. Sections were incubated in Cy3-streptavidin for 2 hr for fluorescence microscopy. A well-stained transverse section of T1 was used to count the total number of labeled CST axons. The numbers of CST axons on every 10th section from the lesion site were counted. The axon index was calculated as the ratio of the number of axons in each site to the number of axons at the level of T1.
For assessment of regeneration of sensory neurons in p75NTR knockout mice (n ϭ 8) and wild-type mice (BALB/c, n ϭ 4; 129sv, n ϭ 4), ascending sensory axons were labeled with Fluoro-Ruby (FR) (dextran and tetramethylrhodamine; MW, 10,000; D-1817; Molecular Probes). One week after spinal cord injury, 0.2 l of 10% FR was injected into the dorsal column ϳ5 mm caudal to the lesion site using a micropipette. One week later, animals were perfusion fixed with 4% paraformaldehyde and sectioned in 40 m longitudinally. The sections were mounted directly onto slides for examination with a fluorescence microscope. FR-labeled axons in every third section were counted at various points at intervals of 500 m, starting from the lesion site. The axon index was calculated as the ratio of the number of FR-labeled axons counted from each point in the dorsal column to the number of axons labeled in the dorsal column 3 mm caudal to the lesion site (mean Ϯ SEM).
In an additional set of experiments, soluble p75NTR-Fc protein, a fusion protein comprising the extracellular domain of p75NTR and Fc fragment of human IgG (R & D Systems, Minneapolis, MN), or normal human IgG was administered after spinal cord injury (p75NTR-Fc: BALB/c, n ϭ 4; 129sv, n ϭ 4; IgG: 129sv, n ϭ 4; BALB/c, n ϭ 4). Gelfoam soaked with 10 l of p75NTR-Fc protein (1 mg/ml) or normal human IgG (1 mg/ml) was applied to the lesion site, and the mice were allowed to survive for an additional 14 d. The molecules delivered by this method could efficiently penetrate the spinal cord, as demonstrated by immunohistochemistry of human IgG (data not shown). Two days before the mice were killed, 0.2 l of cholera toxin B conjugated to HRP (CTB-HRP) (1%; List Biological Laboratories, Campbell, CA) solution was injected in each sciatic nerve. The tracer in the sagittal sections (40 m) of the spinal cord was visualized with the TMB (Sigma, St. Louis, MO) method, as described previously (Mesulam, 1978) . TMB-stained axons were counted at various points with the interval of 500 m starting from the lesion site. The axon index was calculated as the ratio of the number of CTB-HRP-labeled axons counted from each point of the dorsal column to the number of axons labeled in the dorsal column 5 mm caudal to lesion site (mean Ϯ SEM).
Statistics. All statistical analyses in this study were performed with the two-tailed t test.
Results
General conditions of all animals were observed daily in an open field after operation. Motor and bladder functions usually recovered within the first week, and no obvious difference in these functions was observed between p75NTR mutant and control animals.
Expression of p75NTR in normal and injured spinal cord
In the spinal cord of normal mouse, p75NTR immunoreactivity was seen clearly in the dorsal horn and medial part of the dorsal column but not in the CST (Fig. 1 A) . Three days after spinal cord injury, p75NTR immunoreactivity was increased slightly in a very small subset of ascending sensory axons but not in any corticospinal axons in the dorsal column of either normal or injured spinal cord (Fig. 1 B) . In sagittal sections, p75NTR immunoreactivity was localized in the lesion site and reduced in the dorsal column rostral to the lesion site (Fig. 1C) .
Lack of enhanced regeneration in CST of p75NTR-deficient mice after spinal cord injury
The macroscopic and microscopic appearances of injury sites were similar in mutant and wild-type mice 14 d after spinal cord injury. There was apparent scar formation in the lesion site. Scar tissue converged toward the dorsal surface of the spinal cord at the lesion site. Cy3-stained BDA-labeled axons were seen clearly in the CST in the dorsal funiculus in T1 cross-sections (Fig. 2) . The number of CST axons in the T1 cross-sections of wild-type mice (160 Ϯ 21) (Fig. 2 A) and of mutant mice (165 Ϯ 24) (Fig.  2 B) were similar. In most animals, the transection wound of the spinal cord is beyond the central canal; thus, the minor dorsolateral corticospinal axons were also severed. BDA-labeled axons were not found in the lesion site or in the spinal cord caudal to the lesion site in either group of mice (Fig. 2C,D) . The number of axons decreased gradually from rostral to the lesion site. There was no significant difference in the axon index between mutant mice and wild-type mice at any level examined (Fig. 2 E) . No colateral sprouting fiber was found in either group of mice.
Lack of enhanced regeneration in sensory ascending axons of p75NTR-deficient mice after spinal cord injury
In both mutant (Fig. 3A) and wild-type (Fig. 3B) mice, FRlabeled axons were in their normal location of the dorsal column in sagittal sections. Presumed fibroblastic scar tissue was seen clearly in the lesion site (Fig. 3, arrows) . FR-labeled axons stopped before the lesion site in both groups (Fig. 3, arrowheads) . Axon terminals either formed dense core bulbs or arborized. In both groups of animals, some axons were observed growing into gray matter around the lesion site or toward the dorsal surface. No axons were found growing beyond the lesion site into the spinal cord rostral to the lesion site. In some sections, FR-labeled fibers aggregated in the dorsal column proximal to the lesion site in both groups. FR-labeled axons were counted in every third section at different levels along the dorsal column. The mean number of FR-labeled axons 3 mm caudal to the lesion site in mutant (36 Ϯ 5) and in wild-type (40 Ϯ 6) mice did not differ significantly ( p Ͼ 0.05) (Fig. 3C) .
Lack of enhanced regeneration of ascending dorsal column fibers after spinal cord injury in p75NTR-Fc-treated mice
Fourteen days after delivery of p75NTR-Fc fusion protein into the lesioned spinal cord, the CTB-HRP-labeled fibers in the dorsal column failed to grow beyond the lesion site (Fig. 4 A) . A similar distribution pattern of CTB-HRP-labeled fibers was seen in the human IgG-treated group (Fig. 4 B) . CTB-HRP-labeled axonal bundles stopped abruptly before the lesion site with the growing tendency toward the dorsal surface at the lesion site. Axon terminal dense cores and axon arborization were found in both groups (Fig. 4C,D) . CTB-HRP-labeled axons were counted in every third section at different levels running through the dorsal column. The mean number of axons labeled in the spinal cord 5 mm caudal to the lesion site in p75-Fc-treated mice was 66 Ϯ 10 and in the human IgG-treated group was 68 Ϯ 11. The axonal index shows no significant difference between the two groups at any level counted.
Discussion
The recent discovery that p75NTR is a coreceptor for NgR, mediating effects of myelin-associated inhibitors on the neurite collapse, has triggered significant optimism in relation to regeneration of the CNS, because p75NTR can be a potential converging target to promote the regeneration. However, whether p75NTR contributes to the nerve regeneration in vivo is not known. In the present study, we propose that the depletion of p75NTR may promote regeneration in the CNS by blocking the Nogo-NgR pathway. To our surprise, we did not find any enhanced regeneration of CST after spinal cord lesion in p75NTR knock-out mice. We reasoned that the ineffectiveness of regeneration in p75NTR knock-out mice may be attributable to the lack of normal expression of p75NTR in corticospinal neurons (Giehl et al., 2001) (Fig.  1) . To further test our hypothesis, we have examined the regeneration of ascending sensory neurons in the dorsal column after transection in the knock-out mice, because these neurons normally express p75NTR (Fig. 1) , which may participate in the signal transduction of the Nogo-NgR system after nerve injury. Consistent with the result from the CST, the gene knock-out of p75NTR did not promote the regeneration of ascending sensory neurons in the dorsal column either. Our results suggest that p75NTR may not be a converging molecule mediating inhibitory functions of myelin inhibitory factors in vivo. Other receptors may mediate inhibitory functions of myelin-associated inhibitors on neurite growth in vivo after injury.
We used mutant mice in which a short form of the intracellular domain of p75NTR is preserved. The lack of effects of p75NTR knock-out on nerve regeneration in our model is unlikely attributable to the partial gene deletion in this mouse, because Wang et al. (2002) showed that the extracellular domain of p75NTR is required for the signal transduction of the Nogo-NgR pathway in vitro (Wang et al., 2002; Wong et al., 2002) . Because p75NTR is the only member in the receptor family mediating functions of all neurotrophins, it is unlikely that a compensatory (redundancy) mechanism operates after the gene deletion, as we see in the epidermal growth factor family (Xian et al., 2001) . To further reduce the possibility of a redundancy mechanism occurring in p75NTR knock-out mice, we examined the effects of the p75NTR extracellular domain Fc fusion molecule on the regeneration of ascending sensory neurons, because a previous study showed that this molecule suppressed functions of NgR ligands (Wang et al., 2002) . However, when applied to the injured spinal cord, this fusion molecule did not promote the nerve regeneration of ascending sensory neurons in the spinal cord. Taken together, these findings suggest that, in vivo, p75NTR may not be a critical molecule controlling nerve regeneration in the CNS.
The differential actions of p75NTR on nerve regeneration in vivo and in vitro may be attributable to the complex multiple functions of p75NTR in vivo. In addition to being a coreceptor for NgR, p75NTR is the common receptor for all neurotrophins. In combination with Trk (tropomyosin-related kinase) receptor ty- rosine kinases, p75NTR can mediate the signal transduction leading to enhanced neurite outgrowth in the presence of neurotrophins by enhancing the binding of neurotrophins to Trk receptors (Hempstead et al., 1991; Mahadeo et al., 1994; Chao and Hempstead, 1995) . In the absence of trkA, p75NTR alone also mediates neurite outgrowth from embryonic rat hippocampal neurons and chick ciliary neurons stimulated by NGF (Brann et al., 1999; Yamashita et al., 1999) . Binding of neurotrophins to p75NTR decreases Rho activity to induce neurite outgrowth (Yamashita et al., 1999) . After spinal cord lesion, the gene expression of all neurotrophins is upregulated (Ebadi et al., 1997) . Thus, p75NTR in vivo may mediate positive signals stimulated by neurotrophins as well as negative signals from Nogo, MAG, and Omgp via NgR pathways. It is known that sensory neurons primed by neurotrophins do not respond to the inhibitory signals stimulated by MAG (Cai et al., 1999) . Other growth inhibitory factors, such as chondroitin sulfate proteoglycans, which do not signal via p75NTR, may play critical roles in the failure of CNS regeneration (Morgenstern et al., 2002) . After nerve injury, ascending sensory neurons expressing p75NTR may be exposed to both neurotrophins and growth inhibitory factors sequentially or simultaneously. The function of p75NTR on neurite outgrowth may depend on the balance between positive and negative signals generated locally in the injured spinal cord. Breaking the balance by introducing exogenous neurotrophins or knock-out of growth inhibitors may promote nerve regeneration. Deletion of the NogoA gene (Kim et al., 2003; Simonen et al., 2003; Zheng et al., 2003) or neutralization of an epitope in a myelin-associated inhibitor by a monoclonal antibody (Caroni and Schwab, 1988 ) enhanced regeneration of the CST. In contrast, introduction of neurotrophins into the spinal cord significantly enhances regeneration of descending and ascending pathways after spinal cord injury (Schnell et al., 1994; Houweling et al., 1998; Oudega and Hagg, 1999; Ramer et al., 2000) . However, direct evidence that p75NTR mediates these positive and negative signals leading to enhanced nerve regeneration or growth cone collapse after nerve injury in vivo is lacking.
One evidence that p75NTR may mediate neurite growth in vivo comes from the study in p75NTR Ϫ/Ϫ NGF ϩ/ϩ transgenic mice in which sympathetic neurons sprout and grow extensively in the white matter of the brain (Walsh et al., 1999) , suggesting p75NTR may normally (without injury) suppress the neurite growth in vivo. In contrast, after nerve injury, when neurotrophins are upregulated and the myelin sheath is disrupted, p75NTR may promote neurite growth. After sciatic nerve injury, p75NTR is required for the basket formation of sympathetic sprouting around large sensory neurons (Ramer et al., 1999) and sympathetic sprouting fibers are associated with p75NTR-expressing satellite cells in the dorsal root ganglia (Zhou et al., 1999) . Blocking any neurotrophin, including BDNF with neutralizing antibodies, can partially block the sympathetic sprouting (Deng et al., 2000a) . Because sympathetic neurons do not express trkB, the action of BDNF on sympathetic sprouting is most likely via p75NTR (Deng et al., 2000b) .
In conclusion, the depletion of p75NTR did not promote the regeneration of the descending CST and ascending sensory neurons in the spinal cord of p75NTR knock-out mice. Administration of a soluble p75NTR-Fc molecule in the injured spinal cord in mice did not promote regeneration of ascending sensory neurons either. Our results suggest that p75NTR is not required for Ϫ/Ϫ and control mice, respectively. FR-labeled axons stopped before the lesion site in both types of mice. C, Quantification of the dorsal column axons in wild-type controls and p75NTR Ϫ/Ϫ mice. No statistically significant difference in the axon index at any location was found between mutant and control groups. The arrows show the lesion site, and arrowheads show axons stopped at the lesion site. Scale bars, 100 m. R, Rostral to the lesion site. the suppression of regeneration of CNS neurons in vivo, and additional efforts should be made to identify an alternate coreceptor(s) for Nogo receptor.
